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A long paleoseismic record at Hog Lake on the central San Jacinto fault in southern California documents evidence for 18 surface 
ruptures in the past 3.8-4 ka. This yields a long-term recurrence interval of about 210 years, consistent with its slip rate of ~15 mm/yr 
and field observations of 3-3.5 m of displacement per event. However, during the past 3800 years, the fault has switched from a quasi-
periodic mode of earthquake production, during which the recurrence interval is similar to the long-term average, to clustered behavior 
with the inter-event periods as short as a few decades (five surface ruptures occurred between about AD 1043 and 1383).  There are 
also some periods as long as 450 years during which there were no surface ruptures, and these periods are commonly followed by one 
to several closely-timed ruptures. The coefficient of variation (CV) for the timing of these earthquakes is about 0.6 for the past 4000 
years (17 intervals).  Similar behavior has been observed on the San Andreas Fault (SAF) at Wrightwood, where clusters of 
earthquakes have been followed by periods of lower seismic production, and the CV is as high as 0.7 for some portions of the fault 
zone.  In contrast, the central North Anatolian Fault (NAF) in Turkey, which ruptured in 1944, appears to have produced ruptures with 
similar displacement at fairly regular intervals for the past 1600 years.  With a CV of 0.16 for timing, and close to 0.1 for 
displacement, the 1944 rupture segment near Gerede appears to have been both periodic and characteristic. 
 
The San Jacinto and San Andreas faults are part of a broad plate boundary system with multiple parallel strands with significant slip 
rates.  Additional faults lay to the east (Eastern California shear zone) and west (faults of the LA basin and southern California 
Borderland), which makes the southern San Andreas fault system a complex and broad plate boundary zone.  In contrast, the 1944 
rupture section of the NAF is simple, straight and highly localized, which contrasts to the complex system of parallel faults in southern 
California. These observations suggest that the complexity of the southern California fault network is partly responsible for the 
apparent increase in “noise” and non-periodic behavior, perhaps resulting from stress transfer to adjacent faults after a large 
earthquake on one fault. The simplicity of the central NAF may account for its relatively simple behavior.  If correct, the study of 
simple plate boundary faults may provide new insights into the constitutive elements of fault zones, and aid in identifying those 





The occurrence of earthquakes has interested peoples and 
societies for thousands of years, and accounts of such events 
are recorded in many historical and religious texts (Nur and 
Burgess, 2008).  More recently, scientists have been trying to 
understand the recurrence patterns of large earthquakes, with 
these studies beginning after the great 1891 Nobi earthquake 
(with surface rupture) in Japan (Milne et al., 1892).  
Ultimately, the goal is to be able to make accurate forecasts of 
future destructive earthquakes. 
 
Reid (1910) formulated the elastic rebound theory from 
observations after the 1906 M7.9 San Francisco earthquake, 
with the idea that stress builds up along a fault by elastic 
loading within Earth’s brittle crust, and is released along the 
fault in a large earthquake.  This renewal concept has formed 
the basis of earthquake theory for much of the past century.  
However, to date, few of the “expected earthquakes” in 
California have actually occurred, and several faults are given 
a high probability of failure in the next few decades. In 
contrast, much of the major seismicity in southern California 
over the past 40 years (1971 M6.7 San Fernando, 1992 M7.3 
Landers, 1994 M6.7 Northridge, and 1999 M7.1 Hector Mine 
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earthquakes) occurred on faults that were unstudied or not 
considered a probable source. 
 
In this paper, the long records of past earthquakes developed 
for portions of the San Andreas and San Jacinto faults in 
southern California, and the North Anatolian fault in Turkey, 
are compared and analyzed in terms of recurrence patterns and 
fault zone complexity. I will argue that much of the 
irregularity in the timing of large earthquakes observed in 
southern California may relate to the complexity of the fault 
system, which allows for interacting faults and stress fields.  
In contrast, the central portion of the North Anatolian fault is 
simple and straight, with no nearby parallel faults to perturb 
the static stress field, and has produced regular recurrence and 
size of earthquakes for the past 1600 years.  The consequence 
of this is that forecast efforts in California may be hampered 
by relatively large variations in the earthquake cycle that are a 
natural consequence of fault interaction.   
 
EARTHQUAKE RECURRENCE MODELS 
 
Several models have been developed to understand earthquake 
recurrence, and these can generally be grouped into time-
dependent (time and slip predictable, Browning Renewal 
Time) and time-independent (Poissonian) models.  The classic 
time-predictable model of Shimazaki and Nakata 
(1980)(Figure 1a) assumes a constant loading or slip rate, and 
predicts the timing to the next large rupture based on the 
displacement in the most recent past event.  For instance, 
along the Nankai Trough subduction zone in Japan, large 
earthquakes have occurred every century or so with a low 
coefficient of variation on the mean recurrence interval (Sykes 
and Menke, 2006), with the most recent large earthquakes as 
part of a sequence in 1944 and 1946.  Considering the amount 
of displacement associated with the most recent events, the 
next large earthquake is predicted to occur in the next half 
century (Mogi, 2004). 
 
A variant of this type of model is the slip-predictable model 
(Burbank and Anderson, 2001) where the amount of expected 
displacement is estimated from the lapse time since the most 
recent large event, again assuming a constant loading rate 
(Figure 1b). An example of this may be the southernmost San 
Andreas fault which has sustained six surface ruptures in the 
period between about 800 and 1700 AD, suggesting a return 
period of 150-200 years for 3-4 m slip events.  It has now been 
about 300 years since the most recent event, and a slip-
predictable model predicts that the next event will produce 
more slip than the previous several earthquakes, perhaps as 
much as 6 m in the Coachella Valley (Fialko, 2006). Time will 
tell whether the southern San Andreas fault behaves in this 
manner. 
 
Another model that evolved in the 1980’s centers around 
observations along normal faults, where the amount of 
displacement seems to repeat from event to event: this 
suggested that subsequent ruptures are self-similar in slip 
(Schwartz and Coppersmith (1984)(Figure 1c, d).  In this 
characteristic slip model, displacement at a point along the 
fault is repeated from event to event, ultimately resulting in 
the construction of individual mountain ranges.  Schwartz and 
Coppersmith (1984) also applied this model to the south 
central San Andreas fault based on slip distribution from the 
great 1857 earthquake, and the displacement inferred for 
previous events from geomorphic offsets (Sieh, 1978).   Sieh 
(1996) articulates a variant of the characteristic model, termed 
the slip patch model, which argues for similar slip along 
discrete fault segments but allows different segments to 
interact and rupture together in different combinations over 
time, essentially allowing for cascading segment ruptures with 
predictable amounts on displacement on individual segments.   
 
Figure 1 shows two end members of the characteristic model: 
one with a constant loading rate (Figure 1c) and one where the 
 
 
Figure 1. Four earthquake recurrence models that assume 
time-based elastic loading of the brittle crust. In the time-
predictable model (a), failure is assumed to occur when 
the state of the principal maximum stress, s1, reaches a 
critical value that is a function of the physical properties 
of the fault zone. In the slip predictable model (b), a large 
earthquake reduces the state of stress to the minimum 
principal stress, s2, and strain accumulates to some failure 
threshold. For the periodic-characteristic model (c), and 
ideal case, stress accumulates to a constant threshold 
failure value and releases a similar amount of 
displacement in each event in a periodic fashion.  For the 
non-periodic characteristic model (d), the amount of 
displacement is similar from event to event but the level of 
stress can vary at failure, allowing for clustering and 
irregular strain release.
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slip rate is variable over the timeframe of the earthquake 
cycle, but slip per event remains similar (Figure 1d).  In this 
last model, the loading rate may, in fact, remain constant over 
several earthquake cycles and be consistent with Reid’s (1910) 
elastic rebound theory, but the strain release may not be 
periodic because of local stress interactions from nearby 
earthquakes, thereby yielding short-term variations is slip rate. 
 
These models have been used to underpin the use of time-
based renewal models in earthquake forecasting (WGCEP, 
2007; Field, 2007; Field et al., 2009), and drove the 
acquisition of geodetic observations to constrain local and 
regional strain fields in California and elsewhere. 
 
The other prominent model that is commonly used in 
earthquake forecasting assumes a time-independent 
(Poissonian) or random distribution of earthquakes along a 
fault zone or system (Kagan and Jackson, 1994, 2000).  This 
model states that the time to the next event is independent of 
the lapse time since the last event.  
 
OBSERVATIONS FROM THE SAN ANDREAS, SAN 
JACINTO AND NORTH ANATOLIAN FAULTS 
 
The Complex Fault System of Southern California - The San 
Andreas fault system in southern California is complex, with 
multiple parallel strands distributed across a broad plate 
boundary (Figure 2).  The San Andreas and San Jacinto faults 
accommodate the majority of plate boundary slip (Rockwell et 
al., 1990; Fialko, 2006; Bennett et al., 2004), but these still 
only account for about 60-70% of the total relative motion 
between the Pacific and North American lithospheric plates, 
with the balance being on other nearby faults. Consequently, 
many scientists have argued that coulomb stress loading that 
results from one large earthquake can affect the timing of 
future large earthquakes on nearby faults, and possibly trigger 
another large earthquake (Harris and Simpson, 1992; Stein et 
al., 1992; 1994; Harris and Day, 1993; King et al., 1994). 
 
The southern San Andreas fault system is one of the best 
studied faults in the world, with paleoseismic studies 
conducted at over thirty sites (Figure 3). The slip rates on its 
two principal strands, the 
San Andreas and San Jacinto 
faults, are well established 
by geologic and geodetic 
studies (Sieh and Jahns, 
1984; Weldon and Sieh, 
1985; Rockwell et al., 1990; 
Blisniuk et al., 2010; Fialko, 
2006; McCaffrey, 2005; 
Becker et al., 2005).  Long 
records of past earthquakes 
have been developed at 
Pallet Creek (Sieh, 1978, 
1984), Wrightwood (Fumal 
et al., 2002), and Burrow 
Flats (Yule et al., 2007) on 
the San Andreas fault, and at Hog Lake (Rockwell et al., 2006, 
2010a) on the San Jacinto fault.  Intermediate length records 
have also been developed at many additional sites on both 
faults, and some of these will continued to be lengthened to 
compare to the other long records.   
 
The Hog Lake site was developed along the central strand of 
the San Jacinto fault (also called the Clark fault) in the Anza 
seismicity gap (Sanders and Kanomori, 1984) to test whether 
recurrence is periodic along a relative simple and straight 
fault.  To the north, the central strand ends at a major releasing 
step that likely terminates large ruptures.  To the south, this 
fault strand ends in folding of the San Filipe Hills and the slip 
steps west to the Coyote Creek fault.   
 
Figure 4 shows the earthquake ages and their probability 
distributions for the central San Jacinto fault at Hog Lake.  
The ages of the events are based on a chronology model 
developed from nearly 150 radiocarbon dates on organic 
material recovered from the deformed stratigraphy, with dates 
on seeds (single year growths) given priority weight.  The 
dates were analyzed in OxCAL (Bronk-Ramsey, 2005), a 
program that uses a Baysian trimming algorithm that assumes 
 
Figure 2.  The complex plate margin of southern 
California (from Plesch et al., 2007).  The San Andreas 
fault is in yellow, and although relatively simple in central 
California, the system comprises a complex zone from the 
Transverse Ranges southward. 
 
Figure 3.  Paleoseismic trench sites along the southern San Andreas fault system in southern 
California.  
 Paper No. EQ 5              4 
that stratigraphically higher dates are younger than lower 
dates.  The program then generates a PDF of the event ages, 
which are shown in figure 4.  
 
Measurements of small stream offsets (Middleton, 2006) 
suggest that the entire length of the central San Jacinto fault 
ruptured in the past two earthquakes, with the zone of 
maximum slip in the Anza seismicity gap estimated at 3-4 m 
for each event.  Surprisingly, the recurrence of large 
earthquakes is not periodic, but rather, exhibits periods as long 
as 450 years during which there were no surface ruptures, and 
these periods are commonly followed by two to several 
closely timed ruptures.  The long-term average return period is 
about 210 years, based on 18 surface ruptures over the past 
3.8-4 ka, consistent with a slip rate of about 15 mm/yr.  
However, during the past 3800 years, the fault has switched 
from a quasi-periodic mode of earthquake production, during 
which the recurrence interval is similar to the long-term 
average, to clustered behavior with the inter-event periods as 
short as 30-50 years (five surface ruptures between about AD 
1043 and 1383).  The coefficient of variation (CV) for the 
timing of these earthquakes is about 0.6 for the past 4000 
years (17 intervals), but the time sequence can be sampled 
over different intervals to derive recurrence intervals that vary 
by nearly a factor of three (Figure 5). Clearly, earthquake 
production has not been simple along the central portion of the 
San Jacinto fault, even though it appears to be a relatively 
simple, straight fault with localized slip and lacking any 
significant steps or bends.   
 
Similarly, the San Andreas fault has produced large 
earthquakes on an irregular basis.  Figure 6 shows the record 
at Wrightwood (Fumal et al., 2002), with periods of more 
frequent earthquakes followed by less active periods.  From 
about AD 500 to 900, six large ruptures occurred, suggesting a 
recurrence interval of 75 years. Between AD 900 and 1400, 
only three events are recognized at Wrightwood, suggesting a 
return period of over 150 years.  For the past five centuries, 
there has been about an event per century.  The 1500 year 
average return period is about 100 years, but the CV for this 
period is 0.73, similar but a little higher than at Hog Lake. 
This may reflect overlap between ruptures in the Mojave and 
Coachella Valley sections, but based on comparison of event 
ages to the north and south, some of the earthquakes (such as 
the M7+ December 12, 1812 earthquake) ruptured only the 
San Bernardino section of the fault. In any case, the southern 
San Andreas fault demonstrates a similar level of irregularity 
in the timing of surface ruptures as the San Jacinto fault, 
which may be typical in regions where the fault system is 
complex with multiple parallel strands. 
 
Figure 4. Earthquakes recorded in the sediments at Hog Lake along the San Jacinto fault near Anza (from Rockwell et al., 2010 
in review). 
Figure 5. Sampling of different time intervals of the Hog 
Lake earthquake sequence.  Note the variation in 
recurrence interval and CV for these different periods 
(from Rockwell et al., 2010). 
 
Figure 6.  Probability distributions of event ages of 
earthquakes recorded in the sediments along the San 
Andreas fault at Wrightwood, California (redrawn from 
Fumal et al., 2002).
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In contrast, the simple portion of the North Anatolian fault in 
north central Turkey appears to behave in a much more 
characteristic and periodic fashion, whereas the complex 
western part has a more irregular behavior.  The fault zone 
extends for over 1200 km from eastern Turkey westward to 
the Aegean Sea (Figure 7).  Near Bolu at the western end of 
the 1944 rupture, the fault splays into multiple branches that 
extend westward to the Aegean Sea. Thus, the western part of 
the fault zone is complex, with multiple strands, similar to the 
San Andreas system in California.  Earthquake recurrence 
along this western section is irregular (Rockwell et al., 2009), 
with a CV of 0.48 for the 1912 rupture segment near the Gulf 
of Saros in the Aegean Sea. 
 
However, the central section of the North Anatolian fault is 
expressed as a narrow single-active trace which ruptured in 
1944 as part of a sequence of large earthquakes (Kondo et al., 
2005). There are no other parallel faults within two hundred 
kilometers with which to interact, so the only static stress 
changes from nearby earthquakes are from adjacent segments 
along strike, hence resulting in a sequence of closely timed 
events in the past century.  The central segment has ruptured 
six times in the past 1600 years with remarkably similar 
displacement per event at regularly spaced time intervals, 
within uncertainty (Figure 8) (Kondo et al., 2009; Rockwell et 
al. 2010b).  The earthquakes in 1944, 1668 and 1035 are 
historically known, whereas the earthquakes in ca 1370, 700 
and 490 are dated by radiocarbon.  Displacement was 
determined for the past four events at one site (Kondo et al., 
2009), and for events 1,2 3 and cumulative for the past five 
events at the other (Rockwell, et al., 2010b in review). For 
events with displacement that are common to both sites, the 
data agree well, with each event producing 4.5 to 5 m of 
displacement.  The CV for slip is around 0.1 for the past five 
events, whereas for timing for the past six events, it is about 
0.17, much smaller than from either the complex part of the 
NAF, or the southern San Andreas or San Jacinto faults, at 
least for the past 1500 years.  These observations argue for 
structural control as a factor in earthquake recurrence.  
 
DISCUSSION AND CONCLUSIONS 
 
In the preceding sections, paleoseismic records were presented 
from complex fault systems in southern California (San 
Andreas fault system) and western Turkey (North Anatolian 
fault), and compared to the record from the simple central 
section of the North Anatolian fault in north central Turkey.  
By a complex system, I mean that there are multiple parallel 
or intersecting faults that have sufficiently high slip rates to 
interact at the timeframe of the earthquake cycle. In southern 
California, this criterion is met for the San Andreas system 
from the Transverse Ranges southward to at least the Mexican 
border.  In fact, there are both parallel faults strands with 
significant slip rates and intersecting faults, making the 
southern California system particularly complex.  Similarly, 
the western part of the North Anatolian fault system has 
parallel fault strands west of Bolu, with the majority of strain 
accumulation apparently accommodated on the northern 
strand (McClusky et al., 2003; Reilinger et al., 2006).  For 
both of these complex fault systems, earthquake recurrence is 
irregular, with a coefficient of variation that is close to or 
Figure 7.  DEM of the North Anatolian Fault in Turkey, showing complexity in the western part of the fault zone, and simplicity 
in the central part.  Farther east, the fault becomes complex again as interaction with other faults occurs. 
 
Figure 8. Slip and timing for the past five large 
earthquakes near Gerede, Turkey, from 3-dimensional 
trenching at two sites (Kondo et al., 2009; Rockwell et al., 
2010b in review). Uncertainties are represented by the 
colored bars. 
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exceeds 0.5.  The CV for the Wrightwood record is about 0.7, 
but this may be influenced by being in an overlap zone 
between 1857-type earthquakes and those that break 
predominantly to the south.  The Hog Lake site is within the 
Anza seismicity gap, which is generally considered a strong 
section, or asperity, along the fault, and although overlap from 
earthquakes to the north is possible, it is known that the 1918 
M7 earthquake did not produce rupture at Hog Lake although 
slumping and strong shaking did occur in the region 
(Townley, 1918; Rolfe and Strong, 1918). Here, the CV is 
about 0.6 for the entire 4000 year-long record. 
 
Displacement values for large earthquakes along the primary 
segments of the San Andreas and San Jacinto faults appear to 
largely be characteristic, based on offset information 
interpreted from geomorphology.  Along the Carrizo Plain, 
small channel offsets cluster around multiples of 5 m (Zielke 
et al., 2010) indicating that each of the past five large 
earthquakes experienced similar slip. Paleoseismic data from 
the northern Carrizo Plain support this slip model, and argues 
that each of the past two large earthquakes (Akciz et al., 2010 
in review) (1857 and ca. 1700) each experienced about 5 m of 
lateral slip.  Similarly, the southernmost San Andreas fault in 
the Coachella Valley appears to have 3-4 m offsets for each of 
the past six earthquakes based on small channel offsets and 
clustering of offset amounts (Williams et al., 2008). Along the 
south-central San Jacinto fault, displacement of 3-4 m of 
strike-slip for each of the past two events are interpreted from 
small channel offsets, and these past two events exhibit a 
similar distribution of displacement from Hog Lake south to 
the San Felipe Hills.  Along the Superstition Hills fault, 
Lindvall et al. (1989) demonstrated that displacement has 
repeated for the past several events for the length of the 1987 
rupture, again based on small stream and channel offsets.  
These and other studies argue that displacement is not only 
repeated at a point along the fault, but appears to repeat for 
substantial lengths along straight portions of these fault zones. 
However, paleoseismic data do not support strict periodicity 
for any of these faults. 
 
In contrast, the 1944 segment along the North Anatolian fault 
in north-central Turkey appears to also produce similar 
displacements from event to event (characteristic, CV = 0.1) 
but at fairly regular intervals in time (CV = 0.17).  The 
principal difference in fault system architecture is that all of 
the geodetic strain accumulation is attributed to this narrow, 
highly localized, single-stranded fault. This leads to the 
hypothesis that simple faults may be much better “behaved” in 
terms of large earthquake recurrence, whereas complex 
systems interact at the time frame of the loading cycle. 
 
The above examples can be used to argue for fairly 
characteristic behavior along these major plate boundary 
strike-slip faults.  However, regularity of earthquake timing 
appears to be much more complicated, with complex fault 
systems experiencing much more variability than the simple 
north-central section of the North Anatolian fault. These 
 
observations suggest that fault interaction likely interferes 
with quasi-periodic recurrence along faults. 
 
The most likely mechanism for fault interaction is coulomb 
stress loading.  Rupture on one fault will change the static 
stress on nearby faults (Harris and Simpson, 1992; Stein et al., 
1992; 1994; Harris and Day, 1993; King et al., 1994; Parsons, 
2005).  For end-to-end segments, there is a large increase in 
stress at the rupture tip, and this mechanism is believed to be 
responsible for the sequential ruptures along the North 
Anatolian fault from 1939 to 1999 (Stein et al., 1997; Parsons 
et al., 2000; Parsons, 2004).  It is also the reason that Istanbul 
is now considered at elevated risk from a large earthquake, as 
the Marmara Sea remains the only un-ruptured portion of the 
fault zone for the past 250 years. 
 
Large earthquakes also affect the state of stress along adjacent 
faults at certain distances, and can either increase or decrease 
coulomb stress depending on the relative locations of the 
ruptured and un-ruptured faults, and the sense and amount of 
displacement in the earthquake. It is this mechanism that may 
affect the timing of large earthquakes on a fault. 
 
For instance, if the central San Jacinto fault is close to failure 
and a large 1857-type earthquake on the San Andreas were to 
occur, this would have the effect of decreasing coulomb stress 
on the San Jacinto fault, and perhaps delaying the expected 
earthquake by a decade or two.  Similarly, a large earthquake 
on the southernmost San Andreas may cause additional 
loading on the parallel San Jacinto fault, thereby advancing 
the timing and causing rupture before the “expected” event. 
 
Another factor is the action of cross-faults that intersect a 
master fault at a high angle (Nicholson et al., 1986).  The 
Superstition Hills earthquake (1987, M6.6) is believed to have 
been triggered by the Elmore Ranch event(1987, M6.2), which 
occurred about 11 hours earlier on a perpendicular cross fault 
(Hudnut et al., 1989).  The cross-fault rupture produced a 
significant decrease in normal stress on the Superstition Hills 
fault, essentially unclamping the fault (Hudnut and Seeber, 
1989). 
 
Another example occurred with the M7.9 Denali earthquake, 
where the rupture initiated on the previously unrecognized 
Susitna Glacier Thrust fault, and then progressed onto the 
Denali fault itself (Eberhart-Phillips et al., 2003).  In this 
example, it is plausible that the main strike-slip ruptures may 
have waited for decades, or longer, had not a moderate 
earthquake occurred on the secondary thrusts, resulting in a 
large localized decrease in normal stress along the main fault. 
 
In conclusion, if simple fault systems behave in a more 
predictable manner than complex systems, both in terms of 
timing and displacement, then it seems reasonable that much 
could be learned by modeling the behavior and interaction of 
faults in a complex system by assuming relatively simple 
physics that may be common to all of the faults that comprise 
the system. Clearly, more examples of long, well-constrained 
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earthquake sequences are need to test this idea, but if simple 
faults do behave in a predictable fashion, it may provide a 
pathway to more accurate earthquake forecasting in regions of 
complex fault systems, such as in southern California where 
the combination of high strain rates and dense population lead 
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